The Harvard community has made this article openly available. Please share how this access benefits you. Your story matters Citation Ellison, Aaron M. 2012. Microclimatic effects of the loss of a foundation species from New England forests. Ecosphere 3(3): art26. Published Version Abstract. Foundation species have a major impact on biotic and abiotic processes and create a 8 stable environment for many other species. Eastern hemlock (Tsuga canadensis), a foundation 9 tree species native to North America, is currently declining due to infestation by an invasive 10 insect, the hemlock woolly adelgid (Adelges tsugae). Loss of hemlock canopies can greatly alter 11 the dark, cool, and damp microclimate of hemlock forests. We studied five years of 12 microclimatic changes following logging or girdling (to simulate physical effects of adelgid) of 13 hemlocks in a multi-hectare-scale experiment in a New England forest. Both logging and 14 girdling of hemlocks caused large changes in light availability, air and soil temperature, and soil 15 moisture. Even though the impact of logging was more rapid than the effect of gradual hemlock 16 mortality after girdling, the microclimatic changes in these two canopy treatments converged 17 over time. The microclimate in hardwood control plots, which represent the predicted forest 18 composition 50 years after hemlock loss, was intermediate between the two canopy treatments 19 and the hemlock control plots. Our fine-scale results were generally consistent with average 20 microclimatic effects observed in comparative studies but revealed additional changes in 21 variance and seasonal rhythms, and the importance of stochastic events such as ice storms. The 22
Sporadic gaps (< 5% of the data) in the data have occurred due to logger failure, 139 lightning, damage by wild animals, and other stochastic events. Thus, all data were filtered for 140 questionable data that seemed to be caused by data logger errors (Appendix A). Average 141 monthly air and soil temperatures were calculated from the mean hourly temperatures (raw data 142 in Harvard Forest data archive, dataset HF-108: Ellison 2005a). Monthly data were used for 143 three reasons. First, biotic changes and ecosystem dynamics in these plots are routinely measured 144 seasonally or annually, and only occasionally monthly (Ellison et al. 2010) . Thus, monthly data 145 provide finer resolution than do biotic or ecosystem data, have enough signal relative to daily or 146 weekly noise to be interpretable, and can also be scaled up (aggregated) when assessing impacts 147 of a changing microclimate on overall (annual or decadal) ecosystem dynamics. Second, time-148 series analysis requires evenly spaced, regular data. There are consistently 12 months in a year, 149 but there are not a regular number of weeks in a year, and leap years add additional temporal 150 complexity. Thus, time-series analyses work most effectively with daily (or even finer-scale), 151 monthly, or annualized data. We chose to use monthly data as it allowed us to deal with missing 152 (daily) data in consistent ways (see Appendix A). 153 We analyzed the data using time-series analysis, focusing on the monthly temperature 154 differences between the hemlock control plots and the logged, girdled, or hardwood control 155 plots. The monthly temperature differences were monthly averages of the hourly temperature 156 differences between the hemlock control and each of the other three treatments. We also 157 calculated the differences among treatments in the variance of all hourly measurements in each 158 month. We decomposed the monthly time series into seasonal, trend, and residual components 159 using STL, a decomposition procedure based on local regression ("loess": Cleveland 1979, linear trend was fit to the data minus the seasonal component. We used the seasonal Mann-
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Kendall test to test for monotonic trends in the time series (Hipel and McLeod 1994 and leaf development were observed at 3 -7 day intervals in spring, and leaf coloration and leaf-169 fall were observed at weekly intervals in fall. For this study, the period between 50% bud-break 170 and 50% leaf-fall was used as an indicator of the growing season. We used data from four The percentage of moisture in the soil was measured in the hemlock control, logged, and 176 girdled plots using a hand-held probe that was inserted vertically into the soil profile.
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Measurements were done 1 -3 times a month during the summer months (June, July, and 
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During leaf-off conditions (autumn, winter, and early spring), there was also a significant 203 time × treatment interaction in light availability (F 3,40 = 6.41, P = 0.002; Fig. 3 ). However, only 204 the girdled treatment showed a significant change in light availability through time, as it 205 gradually increased (t = 2.29, d.f. = 31, P = 0.03; Fig. 3 ). The girdled treatment also was the only 206 treatment that differed significantly from the hemlock controls (t = 2.29, d.f. = 31, P = 0.029; the 207 girdled plots were brighter).
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Air and soil temperature 210 The average monthly differences in air temperature between the canopy treatments and 211 the hemlock controls ranged from approximately -0.4 to +2.6 °C in the logged plots and from -212 0.1 to +2.3 °C in the girdled plots (Fig. 4) . The soil temperature differences were slightly greater, 213 ranging from -1.1 to +3.1 °C in the logged plots and from -1.5 to +2.4 °C in the girdled plots 
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There were clear seasonal patterns in the temperature deviations of the canopy treatments 224 from the hemlock controls ( Fig. 5 ). Both the logged and the girdled plots were warmer than the 225 hemlock controls in summer and colder in winter. The amplitude of the seasonal pattern was 226 greater in the logged plots than in the girdled plots, and greater on the Ridge than in the Valley.
227
In general, the temperature deviation from the hemlock controls started increasing before bud 228 break, reached a peak within the growing season, and then decreased until it reached its 229 minimum in winter. An additional striking observation was a clear saw-tooth pattern in the air 230 temperature deviations in the Valley, consisting of a small peak before bud break followed by a 231 larger peak after bud break (Fig. 5 ). This pattern was weaker on the Ridge and was almost absent 232 in the seasonal patterns of soil temperatures. We could not seasonally decompose the hardwood 233 control data because of the short time frame of data collection in those plots (1.5 years), but a 234 graphical inspection of the seasonal plots suggests that the peak deviations of the hardwood plots 235 relative to the hemlock controls occurred before the peak deviations of the girdled and logged 236 plots relative to the hemlock controls ( Fig. 5 ).
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The monthly variance in air temperature was much greater in the logged and girdled plots 238 than in the hemlock control plots (Fig. 6) . The difference between the logged plots and the 239 hemlock controls remained constant over time, while the difference between the girdled plots 240 and the hemlock controls increased over time (P <0.001, seasonal Mann-Kendall test), 241 converging towards the logged plots. The difference in air temperature variance was greatest in 242 early spring and summer. In contrast, the differences in monthly variance in soil temperatures 243 between the treatments and the hemlock controls were much smaller (Fig. 6 ). In the Valley, the 244 deviations of the logged and the girdled plots from the hemlock controls converged over time 245 (negative trend in the logged plots, P = 0.006; positive trend in the girdled plots, P < 0.001). On 246 the Ridge, the differences between the treatments and the hemlock controls remained constant 247 over time. There was no treatment × year interaction in the analysis of soil moisture data (F 2,69 = 251 0.39, P = 0.68), but an additive model revealed significant effects of both treatment (F 2,69 = 6.92, 252 P < 0.001) and year (F 1,69 = 25.19, P < 0.001). Both the logged and the girdled plots were 253 significantly moister than the hemlock controls (logged: t = 2.85, P = 0.006; girdled: t = 3.49, P 254 < 0.001), and in all plots the percent soil moisture decreased over time (Fig. 7) . In the Valley, 255 soil moisture was highest in the girdled plot, while on the Ridge, soil moisture was highest in the 256 logged plot. (Fig. 3) . Overall, the girdled plots suffered more damage from the ice storm because the standing boles were already 276 structurally unsound; data collection is underway to test this hypothesis (Ellison and Barker 277 Plotkin 2009).
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Air and soil temperature are very sensitive to changes in canopy cover; even small 279 disturbed patches can have an increased temperature and a more variable microclimate 280 (Mladenoff 1987 , Chen et al. 1999 . Adelgid infestation has been predicted to lead to an increase 281 in soil temperature (Jenkins et al. 1999), and Orwig et al. (2008b) found a strong correlation 282 between soil temperature and the thinning of hemlock crowns. Our findings are consistent with 283 these patterns, but also highlight changes in variance and seasonal variability. For example, air 284 and soil temperature differences between treatments and controls were greatest in summer, when 285 the amount of solar radiation is highest. The amplitude of the seasonal pattern was greater in the 286 more exposed logged plots and plots on the Ridge. The small peak in the saw-tooth pattern we 287 observed in both the logged and the girdled plots (Fig. 5 ) occurred before the start of the growing 288 season and we hypothesize that it is caused by the insulating hemlock canopy preventing snow 289 from melting. Differences in air and soil temperatures between hardwood and hemlock controls 290 also were greatest at this time. Although air and soil temperature showed very similar patterns in 291 mean monthly temperatures, only air temperature showed a large increase in monthly variance 292 compared to the hemlock controls (Fig. 6) , most likely due to the greater thermal inertia of the 293 soil.
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Although soil moisture tends to be relatively high beneath hemlock canopies because of 295 hemlock's relatively constant but low transpiration rate, we expected that soil moisture levels 296 would initially increase as hemlock dies and forest transpiration declines. Subsequently, soil 297 moisture should decrease beyond initial conditions as hemlocks are replaced by deciduous 298 species that transpire approximately twice as much water as hemlock (Catovsky et al. 2002 , 299 Hadley et al. 2008 . Our results supported this hypothesis. Soil in the logged and girdled plots 300 was consistently moister than in the hemlock controls (Fig. 7) . Five years after the canopy 301 manipulations, decreased evaporation due to hemlock loss still has a greater impact on soil 302 moisture at our site than does increased evapotranspiration by new hardwood trees; similarly, 303 Jenkins et al. (1999) and Orwig et al. (2008b) found no difference in soil moisture between 304 infested and non-infested stands. However, Kizlinski et al. (2002) found that much older, logged 305 and adelgid-infested sites were dryer than recent harvest or undamaged sites. We note that our 306 soil moisture data were collected only during the summer months, and do not present a complete 
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Overall, we observed a rapid change in microclimate in the logged plots and a slower 313 change in the girdled plots, but over time the two treatments have converged in their responses.
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Although we had fewer data from the hardwood control plots, the microclimate of the hardwood 315 plots appears to be intermediate between the canopy treatments and the hemlock controls.
316
Continued monitoring of these experimental plots will reveal whether the logged and girdled 317 plots will diverge again in the future, whether they will become more similar to the hardwood 318 controls, and how these changes will impact biological diversity and ecosystem processes in applied successively from top to bottom: the (maximum -minimum) filter, the same filter with a 544 lower cutoff value, a filter that compared the data from the plot to the corresponding Valley plot, 545 and a filter that was specified for the flattest part of the curve. The air temperature data from 546 these plots were filtered in almost the same way, using different cutoff values and excluding the 547 last step. The values on the x-axis are hours since the 1 August 2007.
